Morphology and morphogenesis of a soil ciliate, Rigidohymena candens (Kahl, 1932) Berger, 2011 (Ciliophora, Hypotricha, Oxytrichidae), with notes on its molecular phylogeny based on small-subunit rDNA sequence data Department of Life Sciences, Natural History Museum, Cromwell Road, London SW7 5BD, UK
INTRODUCTION
Patterns of morphogenesis and analyses of gene sequence data are widely used in order to determine phylogenetic relationships among ciliates (e.g. Foissner, 2004 Foissner, , 2012 Li et al., 2010; Vdáčný et al., 2010; Chen et al., 2011; Foissner & Stoeck, 2011; He et al., 2011; Küppers et al., 2011; Miao et al., 2011; Pan et al., 2011 Pan et al., , 2013 Wang et al., 2011 Wang et al., , 2012 Wu et al., 2011; Liu et al., 2012; Paiva et al., 2012; Weisse et al., 2013) . Morphogenesis has probably been studied most thoroughly among the hypotrichs, with investigations dating back to the 19th century (for review, see Foissner, 1996) . Stomatogenesis in particular has been reported in detail, and three basic patterns have been defined in hypotrichs: parakinetal, epiapokinetal and hypoapokinetal.
According to Foissner (1996) , a genus should contain species with the same basic mode of stomatogenesis.
The congeners of most hypotrich genera for which morphogenesis is well characterized, especially among the oxytrichids and euplotids, have similar or identical morphogenetic patterns (Berger, 1999; Qin et al., 2011; Shao et al., 2011b; Shen et al., 2011; Singh et al., 2013) . In contrast, a wide variety of modes of cell development has been reported among certain other genera, e.g. Holosticha and Anteholosticha (Hu et al., 2003; Berger, 2006; Shao et al., 2011a; Xu et al., 2011) . For a third group of genera, insufficient data are available to determine the level of diversity among congeners. The oxytrichid genus Rigidohymena Berger, 2011 is an example of this third group, as morphogenetic events have been reported for only the type species, Rigidohymena tetracirrata (Gellért, 1942) Berger, 2011 (Song, 2004 . Furthermore, small-subunit (SSU) rDNA sequence data for this genus were not available hitherto.
In the present study, the morphology and morphogenesis of a population of Rigidohymena candens (Kahl, 1932) Berger, 2011, isolated from a soil sample collected from Qingdao, China, were investigated using live observation and protargol impregnation methods. In addition, phylogenetic analyses based on the SSU rDNA sequence were also carried out. The taxonomy and systematics of Rigidohymena are discussed.
METHODS
Sample collection, observation and identification. Specimens were discovered in a sample collected on 9 December 2010 from the upper soil layer of a small garden on the main campus of the Ocean University of China (36u 039 440 N 120u 209 100 E), Qingdao, China, using the non-flooded Petri dish method as described by Foissner (1987) and Foissner et al. (2002) . Briefly, the air-dried soil samples were saturated, but not flooded, with distilled water in a Petri dish to encourage excystment of ciliates. Isolated specimens were cultured in Petri dishes in distilled water at room temperature (approx. 23 uC) with added rice grains as a food source for bacteria.
Living cells were isolated and observed in vivo using bright-field and differential interference contrast microscopy at 6100-1000 magnification. The infraciliature was revealed by the protargol impregnation method according to Wilbert (1975) . Measurements of stained specimens were carried out with an ocular micrometer. Drawings of stained specimens were performed at 61250 magnification with the aid of a camera lucida. Terminology mainly follows Berger (1999) .
DNA extraction, PCR amplification and sequencing. Using a micropipette, several cells were isolated in order to extract genomic DNA. PCR amplifications of SSU rDNAs were performed with primers Euk A (59-AACCTGGTTGATCCTGCCAGTAG-39) and Euk B (59-TGAACCTGCAGAAGGATCA-39) (Medlin et al., 1988) . To minimize the possibility of amplification errors, high-fidelity Taq polymerase (Takara Ex Taq; Takara Biomedicals) was used. A purified PCR product of the appropriate size was inserted into the pUCm-T vector (Shanghai Sangon Biological Engineering and Technical Service Co.) and sequenced (in both directions) at the Invitrogen sequencing facility in Shanghai, China (Yi & Song, 2011) .
Phylogenetic analyses. In order to perform phylogenetic analyses, the SSU rDNA sequence of Rigidohymena candens was aligned with sequences of 35 other taxa downloaded from the GenBank database (see Fig. 5 for accession numbers). Novistrombidium testaceum, Strombidinopsis acuminata, Strombidium purpureum and Tintinnidium mucicola (subclasses Choreotrichia and Oligotrichia) were selected as the outgroup taxa. All sequences were aligned using CLUSTAL W implemented in BioEdit 7.0 (Hall, 1999) . Highly variable regions in which alignments could not be determined unambiguously were excluded prior to phylogenetic analyses. The program Modeltest (Posada & Crandall, 1998 ) was implemented to select GTR+I (50.6033) +G (50.5307) as the best model with AIC. Using these parameters, a maximum-likelihood (ML) tree was constructed with PhyML version 2.4.4 (Guindon & Gascuel, 2003) incorporating bootstrapping with 1000 replicates. Gaps were treated as missing data. Bayesian inference (BI) analysis was performed with MrBayes 3.1.2 (Ronquist & Huelsenbeck, 2003) using the Markov chain Monte Carlo algorithm. The program was run for 1 000 000 generations with a sampling frequency of 100 and a burn-in of 2500 trees. Topologies of all trees were merged into a single consensus tree for purposes of illustration. TreeView version 1.6.6 (Page, 1996) and MEGA 4.0 (Tamura et al., 2007) were used to visualize tree topologies. (Kahl, 1932) Berger, 2011 Morphological description of Qingdao population. Body approx. 130-200660-100 mm in vivo, broad-elliptical, non-contractile but flexible, sometimes bending or slightly twisted, margins nearly in parallel, both ends rounded (Figs 1a and 2a, d, g, h) . Dorsoventrally flattened approx. 2-3 : 1. Buccal field dominant due to broad buccal lip (Figs 1a and 2a, d) and adoral zone which is about 40-50 % of body length. No cortical granules observed. Cells colourless to grey in colour; cytoplasm colourless, containing several food vacuoles filled with bacteria and diatoms, shining cytoplasmic crystals (Fig. 2e ) and yellow-green granules measuring 1-3 mm in diameter (Fig. 2f) . Contractile vacuole 15 mm in diameter (Figs 1a and 2g, h) with collecting canals (Fig. 2b ).
RESULTS

Rigidohymena candens
Two oval, slightly separated macronuclear nodules, centrally located, each about 30618 mm after protargol impregnation (Figs 1c and 2e, l; Table 1 ). Two to six spherical micronuclei, each about 4 mm in diameter after protargol impregnation, located close to macronuclear nodules (Figs 1c and 2l; Table 1 ). Locomotion by rapid crawling on substrate or by swimming; when swimming, cell rotates clockwise about longitudinal axis of body.
Adoral zone of membranelles composed of 40 membranelles on average (Table 1) ; cilia of apical membranelles about 15-20 mm long in vivo. Undulating membranes in typical Cyrtohymena pattern: distal portion of paroral curved to form a semicircle; endoral bent in a right angle near proximal end but otherwise straight and extending diagonally across buccal region (Figs 1b and 2j, k). One buccal, three enlarged frontal and four frontoventral cirri (forming V-shape pattern) located right of buccal field (Figs 1b and 2i, k, l) . Five ventral cirri in two groups: three postoral and two pretransverse (Fig. 1b) . Invariably five relatively strong transverse cirri arranged in a J-shaped row (Figs 1b and 2l) . Posterior ends of marginal cirral rows clearly separated (Figs 1b and 2l). Dorsal ciliature composed of four dorsal kineties and two dorsomarginal kineties; kineties 1, 2 and 4 are almost as long as body, kinety 3 is shortened slightly both anteriorly and posteriorly; dorsal cilia about 3 mm long in vivo (Fig. 2b,  c) . Invariably three conspicuous caudal cirri, one at the posterior end of each of dorsal kineties 1, 2 and 4 (Figs 1b, c and 2c, l).
Morphogenesis. Stomatogenesis commences with the proliferation of densely arranged basal bodies forming a slender anarchic field (the oral primordium of the opisthe), which occurs de novo anterior of the leftmost transverse cirrus (Figs 1d and 3a) . The oral primordium then widens, lengthens and differentiates into new adoral membranelles posteriad (Figs 1e, g and 3c) . Five fronto-ventral-transverse (FVT) cirral anlagen (origin not known) are formed in both proter and opisthe (Figs 1e, g and 3b, c) . At the same time, the undulating membranes anlage appears independently to the right of the oral primordium in the opisthe (Figs 1e, g and 3j, l) .
As the number of new membranelles increases in the oral primordium of the opisthe, the five FVT-anlagen begin to form cirri posteriad in both dividers (Figs 3f, g, h and 4a, c, d) . During this period, the parental endoral (Figs 3e, h and 4a), and then the paroral (Figs 3i and 4c ), dedifferentiate at their anterior ends forming the undulating membranes anlage of the proter (Figs 3k and 4d) . The parental postoral ventral cirrus V/3 is not involved in primordia formation (Figs 1e, g, 3h and 4a ).
During the late stages, the newly formed adoral zone bends towards the right in the opisthe (Fig. 4g) . The parental adoral zone of membranelles is completely retained by the proter. In each divider, the undulating membranes anlage splits longitudinally to form the paroral and endoral (Figs 3n, o and 4e); in addition, one frontal cirrus is derived from the anterior end of the undulating membranes anlage. The five FVT-anlagen differentiate into new cirri (cirri originating from the same streak are linked by dashed lines in Figs 3n and 4e), which migrate to their final positions (Figs 3o and 4g) .
In each divider, both marginal rows anlagen develop intrakinetally and replace the parental cirri (Figs 1g, 3f , h, o and 4a, c, g). Dorsal kineties are formed in the typical Oxytricha pattern, i.e. each dorsal kinety forms an anlage in both proter and opisthe by the intrakinetal proliferation of basal bodies, with dorsal kinety 3 undergoing simple fragmentation (Figs 1f, 3d , m, n, p and 4b, e, f, h; Berger 1999).
Some of the middle and late stages of morphogenesis were not observed; it is therefore unclear whether the two macronuclear nodules fuse into a single mass prior to division. The micronuclei divide separately (Figs 1f, g, 3d , g, h, p and 4b-d, f, h).
Physiological regeneration. Only one late stage of physiological regeneration was observed (Fig. 3q) . The posterior part of the adoral zone dedifferentiates to form the oral primordium. This primordium generates new membranelles that replace the posterior part of the parental adoral zone. The five FVT-anlagen give rise to two frontal, four frontoventral, one buccal, five ventral and five transverse cirri. The undulating membranes anlage originates from the dedifferentiation of the old structures and gives rise to the leftmost frontal cirrus plus the new undulating membranes. The anlagen of the marginal rows are formed intrakinetally.
Phylogenetic analyses. We included a broad selection of SSU rDNA sequences (33 species, 36 populations) in the phylogenetic analyses. Topologies of ML and BI trees were basically congruent; therefore, a single consensus tree is shown (Fig. 5) . R. candens clustered with species of the subfamily Stylonychinae.
DISCUSSION
Identification of R. candens
Berger (2011) established the genus Rigidohymena, which contains four morphospecies, namely R. tetracirrata, R.
quadrinucleata (Dragesco & Njine, 1971) Berger, 2011, R. inquieta (Stokes, 1887) Berger, 2011 and R. candens. Of these four species, the Qingdao isolate matches closely with R. candens by possessing all diagnostic features listed in Berger's (1999) revision and in previous descriptions (Kahl, 1932; Foissner, 1989) . R. candens can be separated from R. tetracirrata by having five (vs four) transverse cirri, from R. quadrinucleata by having two (vs four) macronuclear nodules and from R. inquieta by its larger body size (140-200680-120 mm vs 95-140630-50 mm) after protargol impregnation (Kahl, 1932; Dragesco & Njine, 1971; Grolière, 1975; Foissner, 1989; Song, 2004) .
The Qingdao population of R. candens possesses most diagnostic features of Rigidohymena, e.g. absence of cortical granules, presence of large adoral zone and postoral ventral cirrus V/3 not involved in primordia formation, indicating that it probably belongs to this genus, although it does not have a rigid body like the type species, R. tetracirrata. However, the two other populations of R. candens also have a more or less flexible body (Kahl, 1932; Foissner, 1982) , which suggests that the rigidity of the cell is perhaps not a reliable diagnostic feature for the genus Rigidohymena.
Morphogenetic comparison with related taxa
Due to the lack of data from early dividers, the exact origin of the cirral anlagen in R. candens remains unknown. However, based on our observations of later stages of morphogenesis and reports of other related taxa (Voss, 1991; Song, 2004) , it is likely that (i) in the proter, anlage II originates from cirrus II/2, anlagen IV and V develop from cirrus IV/3 and III/2, respectively, and anlagen III and VI are formed de novo, and, (ii) in the opisthe, anlagen III and IV originate from cirri V/4 and IV/2, whereas anlagen II, V and VI originate de novo (Figs 1e, g and 3b, c, f, g ). It was clear that the two posterior frontoventral cirri join in the formation of the primordia, whereas postoral ventral cirrus V/3 does not. X. Chen and others Morphogenetic processes have been reported for the type species of both Rigidohymena and Cyrtohymena, namely R. tetracirrata and Cyrtohymena muscorum, respectively (Voss, 1991; Song, 2004) . The main morphogenetic events during binary division in R. candens resemble those of R. tetracirrata. Both differ from C. muscorum mainly in the fate of the postoral ventral cirrus V/3 (Berger, 2011) , which contributes to the formation of the primordium of the opisthe in C. muscorum, whereas this is not the case for either R. tetracirrata or R. candens. This finding supports the separation of Rigidohymena from Cyrtohymena at the genus level. 
Phylogenetic position of Rigidohymena and some related genera
Phylogenetic analyses based on the SSU rDNA sequence correspond well with the morphological and morphogenetic data, which support the validity of the genus Rigidohymena and its systematic position in the subfamily Stylonychinae (Berger, 2011) .
R. candens clusters with Histriculus histrio with moderate support (57 %/0.78; ML/BI). Morphologically, Histriculus differs from Rigidohymena in the absence (vs presence) of caudal cirri and in its Oxytricha pattern (vs Cyrtohymena pattern) of undulating membranes (Berger, 1999 ). However, H. histrio demonstrates no obvious ontogenetic difference from Rigidohymena, and both lack involvement of postoral ventral cirrus V/3 in the formation of the primordium, which is an apomorphy of the stylonychines (Berger & Foissner, 1997) . This might also indicate a close relationship between these two genera.
There are more than 50 oxytrichid genera (Berger, 1999 (Berger, , 2006 (Berger, , 2008 (Berger, , 2011 . However, SSU rDNA sequence data are available for fewer than half of these and, in some genera, only a small proportion of these sequences are linked to reliably identified taxa. Therefore, because of the high level of undersampling, we cannot confidently infer evolutionary relationships within this complex group, even when analyses are based on all available gene sequence data. Morphogenetic data are likewise lacking for many oxytrichid genera, further constraining our ability to determine the phylogenetic relationship among them. Consequently, morphogenetic and molecular data are required for a broader range of taxa if we are to gain a better understanding of evolutionary relationships among the oxytrichids. 
